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Abstract. Catenary action in a precast concrete building structural system is one of the ways to avoid progressive collapse.  The key for catenary action to work successfully depends on the strength performance of longitudinal ties, which closely depends on the bond performance between the ties and concrete.  This paper investigates the effectiveness of deformed steel bar as catenary tie in precast concrete beam-column connection under column removal scenario. The main objective of the experimental work is to improve the bond performance between deformed steel bar and concrete topping. The parameter considered in the tests is the types of concrete for the topping. The different concrete mixes are normal concrete of Grade 40 and steel fiber reinforced concrete (SFRC). A series of pullout test specimens are conducted to investigate the bond behavior between the steel ties and the surrounding concrete. The results show the comparison of bond stresses of embedded deformed steel bars in two types of concrete mix. The deformed steel bar with concrete fiber provides higher bond strength as compared to bond in normal concrete. Therefore, it is more suitable for effective catenary tie in precast concrete beam-column connection for maximum efficiency and deformability in order to minimize progressive collapse. 
Introduction 
Progressive collapse of building structures typically occurs when an abnormal loading condition causes a sudden loss in the structural capacity of one or more critical members, which leads to a chain reaction of failure and ultimately catastrophic collapse [1]. Catenary action of the structural system is one of the ways to avoid collapse.  The key for catenary action to work successfully is that longitudinal ties at the joint have sufficient strength and deformation capability, which closely depends on bond performance of ties in the concrete [2].  To ensure the effectiveness of catenary 
reinforcement and the surrounding concrete.  Basically, reinforced concrete (RC) elements are designed such that the concrete carries the compressive stresses and the steel resists the tensile stresses. Therefore, a good force transfer between the two materials can only be achieved by an interaction between both materials through bond between the reinforcement bars and the concrete. In structural systems, a good bond between reinforcing bars and concrete is crucial for structural strength and serviceability performance. Furthermore, bond has an important influence on the behavior of reinforced elements in the cracked stage. Crack widths and deflections are influenced by the distribution of bond stresses along the reinforcement bars and by the slip between the bar and the surrounding concrete [3, 4]. Typically, bond strength is contributed by three components; friction and adhesion, which are dependent on the bar surface condition; and bearing, which is dependent on the bar deformation 
reinforcing bar and concrete, is fundamental importance in predicting the complex interaction between the two materials. Many researchers have attempted to determine, experimentally, the bond stress versus slip response. Pullout test is normally used to determine the bond stress, where the 
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actual bond stress varies significantly along the embedment length; results were typically reported as the average bond stress versus slip measured at one end of the specimen [6]. For a deformed bar, the bond stress is developed through initial chemical adhesion at small load levels, mechanical interlock between reinforcing steel ribs and the surrounding concrete as the load increases, and friction after the mechanical interlock fails. The mechanical interlock between concrete and reinforcing steel ribs leads to a concrete stress state in which the concrete directly in front of the ribs carries compression and the concrete above the ribs carries primarily shear [9].  Previous research regarding consequence of bond stress has indicated that three forces exist on the reinforcement bar-concrete interface: the chemical adhesion between the reinforcement bar and concrete; the frictional force between the rebar and concrete; and the interlock force resulting from the ribs of the reinforcement. It was also reported that bond resistance is mainly provided by the interlock effect. When bond stress is low, the rib will first induce inclined cracks because of the interface effect. After inclined cracks form, the tensile stress of the rebar is transmitted to the concrete through the contact force on the surface of the ribs. The radial component of this contact force is called the splitting pressure, and it may result in splitting failure provided it becomes large enough [8]. Due to the importance of the interaction between steel and concrete a lot of research has been done in the past. In all these projects the main focus was on the reinforcement bar, its geometrical characteristics and how these characteristics influence the bond strength. With the appearance of new concrete types, such as steel-fiber reinforced concrete (SFRC) and high strength concrete, the bond strength achieved with these concrete types is not properly documented, and the main focus of the research on bond shifted to the concrete and its composition [4]. The typical bond stress-slip curves of plain concrete and SFRC are illustrated in Figure 1.  It can be observed from Figure 1 that the addition of fibers affects the mechanical behavior of reinforced concrete [7]. Large value of bond stress leads to concrete damage in the vicinity of the concrete-steel interface. This allows reinforcing steel to slip relative to the surrounding concrete and increases the flexibility of the structure. However, if the value of bond stress is low, bond-zone damage may result in loss of bond strength, loss of composite action, and failure of a structure [9]. Therefore, investigation on a good bond between deformed steel bar and concrete is important to ensure that the bond between concrete and reinforcement can provide catenary action to avoid catastrophic collapse. 
                                                 
Figure 1: Typical bond stress-slip responses between SFRC and plain concrete [7]. 
 The objectives of this study were to examine the improvement of the bond performance between deformed steel bar and concrete topping by changing the types of concrete for the topping. This paper discusses the bond between deformed steel bar and two concrete mixes; normal concrete C40 and SFRC, which is expected to give a good bond strength for catenary ties, in precast concrete beam-column connection, to function in maximum efficiency and deformability in order to minimize progressive collapse.     
Methodology 
In order to improve bond performance between deformed steel bar and concrete, an experimental program was conducted to investigate the bond performance of reinforcing steel bar 16mm diameter in two concrete mixes.  The two mixes included a normal concrete strength grade C40 and Steel Fiber Reinforced Concrete (SFRC). 
SFRC 
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This study utilized pullout test. In pullout tests the bar to be tested is cast in the center of a concrete block. The bar is then pulled out of the block with the reactive force acting on the face of the block and cause compressive stresses in the concrete surrounding the bar. This test is useful because of the size of the concrete specimen [7]. The cylindrical pattern is the most representative to produce test data, and can be used as input verification of the thick walled cylinder model because of the uniform peripheral boundary conditions  stress and geometry (constant cover thickness in every direction). Furthermore, the cylindrical pattern of the specimen is compatible with the lower bound concept because the cover simulates the distance of the bar to the nearest free surface of an actual structural member [10]. 
Material 
This study adopted deformed steel bar of 16 mm diameter and a nominal yield stress fy=500 MPa.  The geometry of the deformed steel bar and its measured dimensions are shown in Table 1, Figure 1 and Figure 2. This investigation intended to evaluate and compare bond stresses in two types of concrete mix, namely normal concrete strength grade C40 and SFRC.  As indicated in Figure 3, the fibers were 30 mm long and of 0.55 mm diameter. The fiber conforms to ASTM A820 Standards and the manufacturer specified minimum tensile strength values 1100 MPa for the 30 mm long fibers. Table 2 summarizes the fiber properties. The specimen for SFRC uses steel fibers equivalent to 1% of total weight of the concrete.  Table 1: Dimensions of steel bar profile 
Nominal Diameter (mm) 
Dimension (mm) 
d1 d2 t sr tr rh 
16 15.9 17.3 1.7 6.9 3.1 1.25 
       
Figure 1: Geometry of the steel bars  
                              
  Figure 2: Deformed steel bar   Figure 3: Steel Fiber geometries  Table 2: Properties of steel fiber   
Diameter (mm) Length (mm) Density (N/mm3) Tensile Strength (MPa) Elastic modulus (GPa) 0.55 30 78500 1100 200  Control specimens were also tested with plain concrete with no steel fibers. The concrete mix proportions used in the experimental studies are given in Table 3. The mix had a target 28-day compressive strength of 40 MPa. For SFRC, made from the same concrete mix grade C40, the volume of 1% fiber was initially mixed with cement and aggregates inside a drum-type mixer and the mixing operation was continued after adding water and super plasticizer until a uniform distribution was obtained. Workability of the SFRC concrete mix was observed to decrease with increasing fiber content. Compaction of concrete for cylinder samples was done using a vibration table. The SFRC mix had a target 28-day compressive strength of 52 MPa. 
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Table 3: Concrete mix proportions used in the study   
Cement (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Water (kg/m3) Super plasticizer (kg/m3) 489 721 847 230 0.53 
Test Setup 
In order to examine the influence of concrete strength on the reinforcing steel bar bond performance, different concrete mixtures were used. A reinforcing steel bar was included in all test series for comparative judgment of bond capacity of reinforcing steel bar.  The bond test program involved Direct Tension Pullout (DTP) test using the Dartec M9500 Universal Testing Machine. The proposed pullout specimen comprised of a concrete cylinders with dimensions of 100mm diameter and 150mm (height) with a concentric test bar of 75mm long embedded into concrete cylinders. The pullout test was performed 28 days after casting. The slip of the bar, at its free end, was recorded using linear variable differential transducers (LVDT) on one side of the specimen (measure slip between reinforcing steel bar and concrete). The test method specifies that the load was applied at a rate of 0.2 kN/sec. The data acquisition system collected the Dartec M9500 stroke and load data and the LVDT readings at every increment loading of 2.0 kN. The load rate was applied to the specimen until a slip of 0.1 in. (2.54 mm) was observed.   The data gathered from the study is then used to produce the bond slip curves relationship.   
                
Figure 4: Experimental setup 
Findings and discussion 
The DTP test was loaded monotonically to failure and the average bond strength values, fb were calculated assuming a uniform distribution along the embedded length Lb (mm) [10]:   
                                                  where P is the applied load and Db (mm) the diameter of the test bar. The slip measurements for the bar were obtained by using one LVDT that was placed near the bar at top of the cylinder (Fig. 4). Observation from the result shows the bearing forces induced by mechanical interlocking between a deformed reinforcing bar and surrounding concrete can lead to inclined cracks in the concrete matrix. Upon tension force, these internal inclined cracks grow wider and extend longer, leading to large residual slip. Furthermore, tensile stress caused by the radial component of the bearing forces lead to the formation of splitting cracks and ultimately to a bond failure (refer to Fig. 5a). Normally, degradation of bond strength and stiffness would be mainly caused by concrete crushing at the toe of the bar. 
LVDT 
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In SFRC, the fiber bridging effect helps control the crack opening and propagation, thus increasing bond strength. After initial cracking and increased bar pullout load, the radial compression exerted on the concrete by the bar ribs is redistributed to the whole matrix due to the presence of fibers (Fig. 5b). During further slippage, longitudinal cracks along the bar axis develop; this corresponds to the time at which the maximum bond strength is attained. For SFRC, further widening and propagation of the internal inclined bond cracks and of the longitudinal cracks are hindered by the fibers. Crack pattern shown appreciable damage tolerance and maintained integrity throughout the test due to the fiber bridging effect, which prevented cracks from opening widely (Fig. 5b).  
           
           Figure 5: Bond mechanisms of reinforcing bar and crack pattern (illustration from [7]) in:      (a) Normal Concrete, C40; and (b) Steel fiber reinforced concrete, SFRC  The main goal of the study is to compare bond strengths for normal concrete in Grade 40 and steel fiber reinforced concrete. When the bond stress-slip relations of the different concrete types are plotted for tests on specimen with a reinforcing bar of the same diameter, it can be seen that the bond strength of steel fiber reinforced concrete is larger than that of normal concrete in Grade 40 (as was expected due to the higher compressive strength) at all stress levels, resulting in a steeper curve. For bar diameters of 16 mm, the curves for normal concrete in Grade 40 is almost identical for small slip values, while the bond stress level for steel fiber reinforced concrete for the same slip is higher, although these two mixes have the same W/C ratio.  It is clearly shown in Figure 6 that addition of fiber to the concrete mix has made the concrete significantly stronger.  
                                      
Figure 6: Comparison of bond stress-slip behavior of Deformed Steel bars 16mm dia. with different concrete mixes 
a) 
b) 
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The results show that the value of bond strength for SFRC is 9.38N/mm2 and slip is 2.71mm, which is higher compare to that of normal concrete C40 where the bond strength value is 5.57N/mm2 and slip is 0.83mm. Although these two concrete mixes have the same w/c ratio, but by adding fiber to the mix 68% higher bond strength can be observed.                                  
Conclusions 
The results show the comparison of bond stresses of embedded deformed steel bars in two types of concrete mix. Bond performance of specimens with normal concrete was inferior to that of SFRC specimens under direct loading (pullout test). The bond stress level reached was smaller (approximately 68% of that of the 1% fiber content specimens) and the residual slip was over four times greater at the same stress levels. Crack pattern for SFRC was much finer than that of normal concrete. This is because the widening and propagation of the internal inclined bond cracks and the longitudinal cracks in SFRC are hindered by the fibers. The deformed steel bar with concrete fiber provides higher bond strength as compared  to the bond in normal concrete, therefore more suitable for effective catenary tie in precast concrete beam-column connection for maximum efficiency and deformability in order to minimize the progressive collapse.   
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